The possibility of direct preforming in the near net shape of final component structure with load-and shape-conforming fiber orientations is highly essential in composite production, not only to reduce costs but also to attain better mechanical properties and form stability. Based on the concept of varying the reinforcement yarn lengths during the feed-in (warp yarn delivery) and segmented doffing, synchronous working numerically controlled warp yarn delivery and doffing machine modules have been newly developed for multiaxial warp knitting machines to create a resource efficient textile process chain by a single-step, large-scale oriented production of load-and form-conforming warp knitted three-dimensional shell preforms with free-form geometrical surfaces. Such customized preforms in the near component net shape offer higher material utilization and increased lightweight potential.
Sustainable management of non-renewable resources is a current social need given their scarce availability. Notably, sustainability here means increased energy and resource efficiencies. The multiple possibilities in adapting the characteristics of the fiber composites according to the application requirements offer a great potential for the implementation of resourcesaving and energy-efficient lightweight construction solutions, especially in the civil (building and construction), automotive and aviation sectors. 1 These solutions can be particularly more advantageous for components with complex shaped geometries, in which case it is possible to reduce the existing high production costs required for their preforming, which currently requires several sequential, partially automated and manual processing steps. 2, 3 In the textile manufacturing sector with a Small and Medium Enterprise (SME) distribution above 90%, the material costs with a share of over 40% constitute the vast majority of the existing total production costs. 4 The material efficient production of textile reinforcements forms one of the main industrial requirements. In this regard, load-and form-conforming fiber orientation is also extremely significant, especially in critical areas subjected to loads. This is highly required in order to avoid the degradation of mechanical properties, where marginal deviation from the yarn course by 10 within a unidirectional layer results in a notable reduction of the tensile strength by approximately 35% and of the stiffness of 20%. 5 As a result, the deviation of the fiber orientations from their determined course in the critical loaded areas needs to be a bare minimum, so as to avoid oversizing of the components. Hence, the current efforts are aimed in producing textile reinforcements in the near net shape (three dimensions) of the desired final complex geometrical form with a load path aligned reinforcing yarn course. This enables a resource (material and energy) efficient preforming due to the reduction of material needs and the intermediate processing steps during preforming.
In this regard, various research activities have already been focusing on enhancing and further developing the existing technologies, such as braiding, weaving, weft and flat knitting, in order to facilitate a large-scale production of three-dimensional (3D) near net shape shell preforms. [6] [7] [8] [9] [10] The limitation of these technologies based on the shaping possibilities and the property needs of the preforms according to the application requirements have already been extensively discussed. 11, 12 More significantly, it can be inferred that although a unified technology for the production of both near net shape open-grid and closed-surface textile reinforcements on a single machine is in large scale, it is still not known. The suitability of warp knitting technology for producing complex shaped preforms is well documented. 13, 14 Also, in our earlier work the fundamental prerequisites for addressing this problem through this highly productive multiaxial warp knitting (stitch-bonding) technology by means of a novel concept were presented. 15 The technological enhancement based on the concept of varying the reinforcement yarn lengths individually during the feed-in (warp yarn) in this multiaxial warp knitting (stitch-bonding) technology has created an essential basis for producing opengrid textile preforms with mathematically definable geometrical form directly in their final shape. A variable numerically controlled (NC) warp yarn delivery and a segmented mechanical doffing unit for multiaxial warp knitting machines was successfully developed and implemented for this purpose. A significant advantage of this method lies in the reduction of the inhomogeneity when compared to the variable doffing technique that is being solely used, as the doffing force required is very large and leads to undesired anisotropies.
The recently concluded research phase built upon these findings to ensure the production of closedsurface (shell) multiaxial warp knitted textile preforms with more complex geometries and free-form shapes in a reproducible quality as well. In order to achieve this objective, a novel Computer Aided Design (CAD)based automated textile process chain was developed. Based on the concept of reverse engineering, a viable method that allows the creation of a virtual CAD model for complex geometries, a universal calculation method for computing the required yarn lengths on a virtual CAD model and NC systems for both variable segmented yarn delivery and doffing units has been developed. This paper presents and discusses these new developments based on multiaxial warp knitting (stitch-bonding) technology that allows a one-step production of complex geometrical form-based closedsurface (shell) textile preforms.
Development methodology for the production of near net shape shell preforms
A comprehensive analysis of the previously developed technological process chain for the production of near net shape open-grid preforms was first performed to obtain the new processing prerequisites for a qualitative fabrication of closed-surface (shell) textile preforms. The production of near net shape preforms using the multiaxial warp knitting technology is achieved by locally varying the length of each individual warp yarn across the fabric width. The delivered warp yarn lengths are then doffed by a mechanical doffing system (Figure 1(c)) in a segmented way, so that additional delivered lengths are completely taken up and the warp yarns are held in tension at the knitting (stitchbonding) unit. The mechanical doffing system has an experimentally determined and set calibrated doffing force of 10 N in each segment to ensure a complete take-up of the delivered warp yarn lengths without any filament breakage. Since the take-up of the delivered warp yarn lengths is decisive in determining the geometrical accuracy of the final preforms, the influence of the exerted doffing force by each segment of the mechanical doffing system for a fixed machine working cycle was first studied.
Experimental study of the mechanical doffing system
In this study, the doffing system was mounted on to the traverse of a tensile testing machine. The warp yarn was then fed through each segment pair in such a way as to recreate the process scenario as in the machine. The linear movement of the traverse represented the fixed machine working cycle and the doffing force was subsequently measured by means of a force measurement sensor. The measured doffing force exerted on the yarn by each doffing segment pair with a low and high contact pressure across the width of the doffing system (outer left, middle and outer right) is summarized in Figure 2 .
Result analysis
As can be seen from Figure 2 , the measured doffing forces vary largely from the summed set force of 20 N for each segment pair during the linear movement of traverse. Also the doffing force exerted by each segment pair lies below this force and is acyclic. This can be related to the mechanical tolerance of the braking unit for each segment. A further analysis on this doffing system was performed by increasing the contact pressure of each segment pair by suitably setting the adjustable springs available at the edge of the two cylindrical rolls and then measuring the exerted force. The measured force exerted by each segment pair does not show any significant difference with an increased pressure across the width of the doffing system, as can be seen from Figure 3 .
System validation
In order to study the influence of the doffing force on the geometrical accuracy of the preform, a subsequent target/actual comparison was performed. Here weft yarns were laid with a fixed distance in the transport chain (Figure 1(a) ) prior to the knitting (stitch-bonding) process. Additional warp yarn lengths with factors varying from 1.0 to 1.2 were then delivered using the NC warp yarn delivery unit (Figure 1(b) ). The actual weft yarn distances measured after the knitting process were then compared with the theoretical target value. Fifteen warp yarn lengths in the middle of the fabrics were selected for the analysis, as the maximum doffing force is required here (Figure 1(c) ).
In Figure 4 , the calculated target length to be delivered for each warp yarn (Target Length) and the achieved length (Actual Length) of the corresponding yarn, measured in terms of the distance between two adjacent weft yarns has been tabulated (top) and graphically illustrated (bottom left). From the graphical representation (bottom right) it can be seen that the measured yarn length (Ave. Actual Length) is less than the calculated target length. This aspect can be directly related to the inhomogeneous and insufficient doffing force of the segment due to the mechanical tolerance of the braking unit. The influence of the yarn elongation in the measurement of the system is highly negligible, as the force required to cause an elongation is much higher than the set doffing force of 10 N and can be experimentally validated from yarn tensile tests.
Furthermore, a modified doffing technique with an increased segment surface contact to the fabric was also implemented and experimentally tested ( Figure 5(a) ). While the doffing technique with a minimal segment surface contact to the knitted textile fabric ensures a damage-free take-up, the transfer of the doffing force required to keep the warp yarn in tension was not sufficient due to the mechanical tolerance of the braking unit, leading to fabric slippage. Hence, the segment surface contact area to the textile fabric was increased, as shown in Figure 5 (b), for reducing the slippage to a minimum and thereby ensuring a better doffing force transfer. However, the take-up of the fabric structure and damage-free production of preforms can be realized only at extremely low speeds and it is also highly dependent on the geometrical complexity of the form shape.
The textile production chain here also involved an automated generation of machine parameters with the required yarn length data for the NC warp yarn delivery units. A mathematical model was developed to allow a parametric representation of the final structure geometries. The calculation of the required warp yarn length on the defined parametric surfaces was carried out based on a mixed Secant-Bisection method. However, it is strictly restricted to only simple mathematically definable geometries and is not suited to complex geometries with varying curvatures, free-form shapes or component surfaces where construction data are not available.
Result discussion
The above extensive study about the achievable structural geometry based on the target/actual comparison, machine and processing constraints of the doffing system and the limitations of the process chains formed a robust basis for the further development of the technology. Firstly, the process chain was further developed to establish a universal technological process chain based on the concept of reverse engineering, where the complex shaped geometry parts whose design data are not available are scanned through a laser triangulation sensor and their surfaces are recreated from the acquired point cloud data. These recreated surfaces are then stored as a CAD model and form the basis of the calculation of the yarn course. In order to overcome the process constraints of the mechanical doffing system related to the resulting inhomogeneous doffing force transfer during the fabric take-up, the existing mechanical control through the braking unit for the transfer of doffing force to the fabric is replaced with a numerical control by means of servo drives. This allows for an accurate and digitally controllable doffing force transfer required for the take-up of delivered additional warp yarn lengths. Moreover, the doffing technique is also further enhanced with a needle segment unit specifically for the production of closed-surface fabrics (shell preforms) so that the transfer of the doffing force can be significantly increased with only a minimal surface contact to the fabric and also ensures a negligible fabric slippage. In addition to this modified doffing technique, the experimental analyses have also shown that an ideal transfer of the doffing force for the delivered warp yarn take-up can only be ensured when the cutting of the weft yarns from the transport chain, that is, fabric let-off, takes place during the knitting (stitch-bonding) process, similar to the biaxial stitch-bonding machines. Hence, a suitable cutting methodology was also developed, taking the existing machine space, design and its ergonomics into consideration.
Development of a universal textile process chain

Computational model and method
Research activities related to direct preforming technologies have been focusing on the creation of a simulation model for computer aided manufacturing. The producible textile constructions required for the final geometry are determined by computation of the yarn lengths based on their courses and processing constraints. [16] [17] [18] The computed lengths can then be transformed into the machine data, thereby significantly reducing the change time required for the production of different structures.
A universal computational principle based on profile segmentation and yarn distribution enables one to calculate the optimal yarn length. In an iterative process the geometrical and technological limits are also taken into consideration for determining the producibility of the textile. Here, the scanned CAD model of a free-form surface geometry is taken as reference for the calculation. The weft and warp yarn directions can be selected according to the required load case scenarios. Figure 6 (a) illustrates a sample structure selected for computational and validation purposes, while Figure 6 (b) shows the defined yarn directions. After the directions are defined, the inner edge of the component along the warp direction is chosen and divided into equidistant points. The distance between the points represents the length between the weft yarns as laid in the transport chain (see Figure 7) . The distance between the points, that is, minimum weft yarn distribution, was chosen as 1.89 mm on the basis of the machine gauge E14. The total length of the curve along the inner edge for the selected sample is 470 mm and the total number of weft yarns required to be distributed across the component geometry in order to represent a closed surface amounts to 243. Figure 7 represents a total of 30 distributed weft yarns (every eighth weft yarn) (n SF ) for illustrational purposes.
Subsequently, the component geometry is divided into segments according to their curvature along the divided points of the inner edge, and these serve as weft yarns. The segmentation process occurs in such a way that the distance between any two points within two consecutive weft yarn segments at no point of time exceeds twice the smallest distance, that is, 3.78 mm in this case, based on the permissible additional warp yarn length that can be taken up as allowed by the doffing system design. Each weft yarn segment is then divided into a further equal number of points across the surface width. These points along each segment represent the fixed warp yarn distribution.
The warp yarn distribution here was chosen in accordance with the machine gauge F7 with one full and two empty feeds. This corresponds to a distance of 10.89 mm between the yarns. The total number of warp yarns distributed across the sample width of 480 mm is 45. After the segmentation is carried out for the whole structure, the total length of each warp yarn is calculated by adding the distance between the same corresponding points in each of the weft yarn segments. Figure 8 shows the weft and warp yarn distributions. Every third warp yarn (n KF ) is illustrated in the figure for representational purpose. The final calculated warp yarn lengths for the sample structure are provided in Table 1 . The rows of the table represent the weft yarns that are to be processed, while the columns represent the total warp yarn lengths that need to be delivered by each NC warp yarn delivery unit for these weft yarn sets. Since each NC warp yarn delivery unit will carry a total of three warp yarns (e.g. warp yarn bunch 1-3, 4-6, etc.), their delivery lengths remain the same. These values are stored in ASCII file format and are used as input for the generation of machine control data.
Development of a NC doffing system
Doffing principle. In order to ensure an efficient control and transfer of doffing force for the take-up of the delivered warp yarn lengths, the mechanical construction design and the doffing control methods were modified. Doffing methods that include frictional force transfer for fabric take-up with a point contact ( Figure 5(a) ) or with an increased contact area ( Figure 5(b) ) have already been found to be insufficient, as experimentally determined. Also, experimental results have shown that the increase of doffing force by means of increased contact area leads to fiber damages.
Various doffing methods involving force transfer and form-lock mechanisms and their advantages have been extensively reviewed. 19 One of the doffing methods involving a form-locking mechanism with a point contact is doffing rolls with a needle segment ( Figure 5(c) ). The major disadvantage of such form-locking mechanisms when compared to the force transfer mechanism is the linking and the delinking of form-locking elements (such as the needle) to the fabric before and after the doffing, resulting normally in extensive fiber damages. However, recent machine developments, especially in the field of multiaxial warp knitting technology, have shown that these fiber damages in principle can be significantly reduced through suitable design of the needle geometry and penetration methods. 20 One of the major advantages offered by the form-locking mechanism, though, is that the force transfer by means of formlocking elements can be efficiently implemented independent of the material and required fabric constructions. This advantage of the form-locking mechanism together with recent developments in needle constructions forms a better doffing alternative using point contact for the production of near net shape closed fabrics.
Mechanical hardware construction design. The doffing segment ( Figure 9 ) consists of two parallel mounted rolls and is designed in such a way that the bottom roll can be actively driven with the top roll being passive and driven through friction. The bottom roll consists of 15 active mounted needle segments designed to take three warp yarns each. The width of a needle segment is 22 mm and there are two rows of needles mounted on it. The segment has a diameter of 150 mm. The needle has a conical form with a bottom diameter of 1.63 mm and is separated by a distance of 10.96 mm in the working direction. This ensures that a minimal penetration of the fabric is guaranteed. Each needle segment is attached to a servomotor, with the tooth belt having a gear ratio of 100:30, and can be independently controlled.
Conversely, the top roll is mounted with 15 passive segments. Each passive segment has a diameter of 84 mm. The segments have two rows of grooves along their outer surface arranged in such a way that the needle from the bottom segment passes into them during the rotation. This arrangement is particularly advantageous. Beside the force transfer on the weft yarns by the form-lock element, namely the needle, frictional force transfer also takes place on the warp yarn due to the point contact ensured by the two segments.
Control system design. In order to numerically control the doffing system, a synchronous servo drive of type 1FK7022-5AK71-1DA0 with a maximum torque of 1.6 Nm from the company Siemens AG, Germany, was selected. The control system for doffing purposes is designed in such a way that the maximum possible force is exerted on the knitted fabrics and the warp yarns in particular, so that the yarns are held in tension at the knitting unit. This method can qualitatively ensure that all the delivered additional warp yarn lengths are efficiently taken-up without the need to have an additional digital control system. Also, from the design side, only a torque-controlled system is required in order to ensure that the desired doffing force to be exerted is achieved. In order to calculate the required torque for the system design ( Figure 10 ) and its control, the same previous value of 10 N was considered to be the maximum required doffing force for a single warp yarn in each segment.
In the case of three warp yarns, the maximum force, F Zmax is calculated as 30 N. Based on the maximum force and the mechanical design of the segment and the transfer ratio, the required moment M R for the servo drive control is calculated as given below. The radius of the needle segment, r 1 , is 75 mm, while the radius of the attached gear wheel segment, r 2 , is 39.9 mm. The gear ratio between the needle segment and servo drive is selected as 100:33. The required control torque for a maximum doffing force, F Zmax can be calculated by the following equation
The required control torque for the designed system was thus calculated to be 0.7425 Nm. The physical design of the new doffing system has already been summarized in Figure 9 .
Realization of the modified working cycle
The newly developed NC doffing system along with the NC warp yarn delivery unit was integrated in the multiaxial warp knitting machine MALIMO 14024 from KARL MAYER Technische Textilien GmbH, Germany, as shown in Figure 11 . The technical specification of the machine is illustrated in Table 2 . Modifications were also made to the NC warp yarn delivery unit so that a set of three warp yarns could be fed in. Changes were also made to the yarn feed-in in such a way that warp yarn groups can be delivered with minimal deflection into the knitting (stitch-bonding) unit for producing closed-surface fabrics (shell preforms).
The modified working cycle was then realized in which additional warp yarn lengths were delivered by varying the speed of the NC warp yarn delivery unit. The speed of the warp yarn delivery unit was synchronized to the machine by means of an encoder. The doffing unit was set with the required doffing force and the torque control ensures that the set force is maintained throughout the working cycle.
Experimental study. In order to study the modified working cycle, each doffing segment unit was set with a doffing force of 30, 25 and 22 N in each cycle and a constant pattern of additional warp yarns lengths was delivered with a factor ranging between 1.0 and 1.3 to the normal length. This factor range was chosen on the basis of experimental evaluation, as the best doffing results were achieved when varying the delivery length within this range across the working width of the fabric in a single machine working cycle. Also, a constant set stitch length of 2 mm was selected here. The warp yarn tension was then measured before the knitting (stitchbonding) unit, as shown in Figure 12 . Working speed Up to 1400 min À1
Result discussion. Contrary to the calculated maximum required doffing force of 30 N, a set doffing force of 25 N results in a maximum warp yarn tension of around 5 N. A set maximum doffing force of 30 N leads to fiber damages, as visually observed, that can be related to the excessive force applied by the form-lock element leading to fiber damages. This in turn results in fabric slippage, leading to insufficient doffing force transfer. On the other hand, the set doffing force of 22 N is also not sufficient to keep the warp yarn in tension. Furthermore, it can be observed that the achievable warp yarn tension is lower than the desired yarn tension of 10 N per yarn. This is due to the fact that a significant amount of force is lost for the fabric take-up that is formed between the doffing system and the knitting unit. Although the doffing system has been placed as close as possible to the knitting unit, an immediate placement directly next to the knitting unit is not possible due to the existing machine design. Also, the cutting of weft yarns, that is, fabric let-off from the transport chain directly at the knitting unit, is also not possible. The cutting of the weft yarns on both sides during the knitting cycle leads to a better doffing force transfer on to the warp yarns. However, it also results in fabric deformation arising due to the deviation of yarn courses and thereby hindering the fabric take-up. Hence, the weft yarns were cut off from the transport chain during the knitting cycle only on one side. The cutting of weft yarns on the other side was carried out at the doffing unit, so as to ensure that the yarn courses do not exhibit large deviations. Figure 13 shows the cutting unit implemented directly at the knitting unit.
Implementation and validation of the process chain
Sample production. The feasibility of the process chain was demonstrated on the basis of a sample production of a near net shape preform representing a complex shaped doubly curved surface with an outer planar dimension of 500 mm Â 470 mm a (e.g. a Stringer component, as used in aircraft structures). The generated machine data for the calculated warp yarn lengths (as in Table 1 ) using the computational model was then directly transferred to the controller of the warp yarn delivery and doffing unit using a Transmission Control Protocol/Internet Protocol (TCP/IP) interface.
The inner most warp yarn set of 43-46 had the minimum calculated total length of 467.79 mm. The outer most warp yarn set of 1-3 had the maximum calculated total length of 738.88 mm. The outermost yarn varies with a factor of 1.57 to the innermost yarn. These computed warp yarn lengths for the yarn delivery are then converted to the length factors and are used as control data for the NC warp yarn delivery units. In the case of the doffing unit, a factor of 1.0 was used to set a uniform doffing force of 25 N. The doffing forces beyond the set force for each doffing unit can be varied by entering the absolute value.
Both glass and carbon fiber were selected for the production of sample structures. Table 3 presents the production parameters of the sample and the Figure 14 shows the produced sample structures.
System validation. A target/actual comparison for the validation of the process chain to determine the accuracy of the yarn delivery and doffing system is not possible online for the produced closed-surface (shell) sample structure, unlike the open-grid preforms. Automated computation of the warp yarn lengths in their final geometrical shape is highly dependent on the complexity of the curvature and accuracy of the measurement system. The development of such an automated validation system is currently in progress. Hence, a manual validation of the system accuracy was performed by first stretching the warp and weft yarns of the near net shape sample flat onto a surface plane and then measuring the absolute length of the outermost and innermost warp yarn. The measured total length of the innermost warp yarn was 465.6 mm, while the outermost warp yarn was found to be 707.79 mm long. The measured length ratio factor is 1.52 and this varies with the calculated factor by 0.05.
In order to demonstrate the flexibility of the production chain, further preform samples such as hemispherical cross-section and free-form surface geometry of a car impact protection part were also produced ( Figure 15 ). Although the above samples were produced with an increased weft density, some applications might demand an increased warp yarn density as well. In such cases, the number of warp yarns can be increased by suitable constructional design modifications to the NC warp yarn delivery and doffing unit in order to carry more yarns. With this new technological development, it is now possible to produce resource efficient twoor three-layered textile-reinforced structures with Figure 13 . Schematics of the integrated doffing system and the cutting methodology. form-and load-conforming yarn courses in accordance with the application demands.
Conclusion and outlook
The focal point of this research work was to achieve a universal process chain for manufacturing 3D near net shape warp knitted preforms (open grid and closed surface) with complex geometries. The development of a geometrical model has enabled the calculation of the yarn course for free-form surfaces, thereby closing the loop from design to production. The creation of this technological process chain has resulted in a better understanding of the processing behavior for the materials used, the calculation methods and the technological requirements. The integration of NC warp yarn delivery and doffing units together with the realization of a modified working cycle has ensured that a fundamental large-scale technological possibility based on multiaxial warp knitting exists for the production of textile preforms in near component contours. The major advantage of this development in comparison to other textile technologies using similar systems, for example, weaving, is that both open-and close-surface near net shape preforms can be produced on the same machine. The technological possibility for producing preforms in the final component shape with negligible fiber undulation offers a highly significant potential for a complete utilization of the fiber substance and thereby fulfilling an essential lightweight requirement of semi-finished products for high-performance composites. Also with the development of a NC system will also be possible in the future to create a direct interface to the structural simulation where the stresses occurring in the textile preforms in accordance with the final structural requirements can be studied and the required formand load-conforming yarns courses determined, thereby reducing the trial-and-error costs. The validation of the technology and textile process chain was demonstrated by the production of sample patterns. With this development, the multiaxial warp knitting based technology together with NC warp yarn delivery and doffing unit offers a viable solution for energyefficient production of textile preforms with minimal material requirements suited for complex demands and large-scale manufacturing. This novel unified technology for producing both open-grid and closed-surface (shell) near net shape textile preforms opens up multiple application possibilities for reinforcing components in complex spatial composites with a mineral-or a plastic-based matrix, wooden composites or elastomers. Furthermore, these developed methods are modular and can also be transferred to other textile technologies, such as leno weaving or multilayer knitting.
